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ModellingMagnesium–zinc–zirconium (ZK) alloys are precipitation strengthened by the addition of zinc and grain
reﬁned by zirconium. In ZK alloys these mechanisms interact since some Zn can be precipitated into
Zn–Zr intermetallics. This reduces the fraction of age hardening precipitates. An experimental study
has conﬁrmed the presence of these two particle types in ZK60, a commercial Mg–Zn–Zr alloy. A model
has been developed to consider precipitation and strengthening in ZK alloys accounting for this interac-
tion. It has been shown that whilst Zr additions will increase strength by grain reﬁnement this is balanced
by a loss of age hardening response. It is predicted that if the same ﬁne grain size could be achieved
without Zr then a signiﬁcant strength increase of around 15% would be expected. Therefore, in wrought
applications where the ﬁnal grain size is determined by recrystallisation, the use of Zr grain reﬁner in ZK
alloys does not lead to optimum strengthening. The model was then applied to explore strategies to
increase strengthening in Mg–Zn alloys.
 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Grain reﬁnement and age hardening (precipitation strengthen-
ing) are twometallurgical phenomena that are exploited in magne-
sium alloys to achieve the desired microstructure and mechanical
properties. The reﬁnement of grains in the as-cast condition gener-
ally leads to an improvement in mechanical properties and struc-
tural uniformity in most metals and alloys. The use of a grain
reﬁning addition to promote the formation of a ﬁne grain structure
is particularly important for magnesium alloys produced under
conditions where the solidiﬁcation rate is not very rapid, such as
encountered in sand casting, permanent mould casting, and direct
chill casting of large billets. In addition to its direct effect on
mechanical properties such as strength, grain reﬁnement is also
used to reduce formation of defects such as hot tears, to control
porosity, and to provide nucleation sites for recrystallisation dur-
ing any subsequent thermo-mechanical processing [12].
The most potent grain reﬁning addition known for magnesium
alloys is zirconium [1]. The addition of a small amount of zirco-
nium to the magnesium melt can readily be used to reduce the
as-cast grain size by nearly two orders of magnitude as well as pro-
ducing a nearly equiaxed and thus more uniform microstructure
[2,3]. Zirconium is thus used as a grain reﬁner in most commercialmagnesium alloys, providing they do not contain another addition
that poisons the grain reﬁning effect. The most important example
of poisoning occurs in magnesium–aluminium alloys, where zirco-
nium cannot be used for grain reﬁnement because a stable com-
pound is formed between zirconium and aluminium in the melt
[2].
For this reason, to improve the strength of magnesium alloys
grain reﬁned by zirconium, an alternative major alloying is needed,
and zinc is most commonly used [1]. In the most widely used
commercial magnesium–zinc–zirconium (ZK) alloys, zinc is added
at a high enough level to produce an age hardening effect by pre-
cipitation on suitable heat treatment. The Mg–Zn system shows
one of the highest age hardening responses of any magnesium
alloy [4,5]. However, despite the fact that the volume fraction of
precipitation that can occur in ZK60 (the most commonly used
Mg–Zn–Zr variant) is comparable with that produced in age hard-
enable aluminium alloys of the 2xxx and 7xxx series, the ageing
response is an order of magnitude smaller [6,7].
As a result of the modest age hardening response of ZK alloys in
comparison to equivalent aluminium alloys, the contribution of
grain size strengthening is of increased importance [6]. Indeed, in
contrast to the case of aluminium alloys, a T6 temper (solution
treatment and age) is rarely applied to wrought ZK60 because
the strength loss that occurs due to the increase in grain size
during solution treatment overwhelms the strength increase asso-
ciated with precipitation of the solute during ageing.
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zirconium cannot be considered in isolation due to an interaction
between these elements. This is because there are a number of
compounds that can form between them. Depending on the com-
position, these compounds can form during solidiﬁcation (in the
liquid) or during subsequent heat treatment (in the solid). The
effect of zinc concentration on the zirconium retained in solution
and the grain reﬁning effect of this zirconium has been studied
previously by Hildebrand et al. and is discussed in detail later
[3]. However, interaction between these elements will also
inﬂuence the age hardening of the alloy, since zinc removed into
zinc–zirconium compounds will no longer be available to form
age hardening precipitates. This secondary effect has not been
explicitly considered previously, but could have a signiﬁcant effect
on the age hardening capability of the alloy.
To improve the strength of Mg–Zn–Zr alloys therefore requires
a consideration of three objectives; 1. development and retention
of a ﬁne grained structure through addition of grain reﬁner, recrys-
tallisation (in the case of wrought products) and control of grain
growth, 2. maximising age hardening potential by ensuring the
age hardening elements are not bound up in non-strengthening
phases, 3. reﬁning precipitation by promoting particle nucleation.
These aspects are not interdependent but are inter-related. For
example, Zr addition will help to achieve objective 1 but will be
detrimental to objective 2. Maximising the available solute (objec-
tive 2), which would usually be achieved by a solution treatment,
will be detrimental to objective 1 if grain size during this process
is not controlled.
In the present work, a model has been developed to simulate
precipitation in Mg–Zn–Zr alloys and predict the overall strength-
ening of such alloys. This model has been used to help understand
the complex interactions identiﬁed above. The model has then
been applied to explore the potential to improve the age hardening
response of ZK alloys through optimisation of Zr level, control of
grain size without the use of Zr, and reﬁnement of precipitation.0.35 0.4 0.45 0.5
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Fig. 1. Plot of limiting Zr concentration in solution and associated as-cast grain size
as a function of added Zn level, data from Hildebrand et al. [3].2. Experimental
Precipitation in the Mg–Zn system has been well documented
[4,5,8,9], and it was not necessary to repeat this work. However,
a small experimental study was performed to observe the interac-
tion between the b01-MgZn strengthening phases and the Zn–Zr
intermetallics in commercial ZK60 alloy (Mg-6 wt.% Zn-0.6 wt.%
Zr). Cubes, with side length 20 mm were cut from the centre of a
commercially extruded bar of ZK60 of diameter 110 mm produced
with an extrusion ratio of 10. These specimens were subject to a
two step solution treatment of 375 C for 2 h followed by 2 h at
500 C under a protective argon atmosphere. This two step treat-
ment is designed to maximise the amount of Zn in solution whilst
avoiding incipient melting and similar treatments have been used
by previous researchers on ZK60 [10,11]. Ageing heat treatment
was then performed at either 150 or 200 C for times ranging from
1 h to 384 h (16 days).
Specimens were prepared using standard metallographic tech-
niques for hardness testing, which was performed with a Vickers
microhardness testing machine on polished samples operated with
a load of 300 g. Specimens for transmission electron microscopy
(TEM) were prepared by mechanical punching of 3 mm diameter
discs, which were then ground to a thickness of 50 lm. After
dimpling, thin area was produced by ion milling with a Gatan
ion polisher operating at 4 kV with a tilt of 6. TEM was performed
using a Philips CM200 and Technai T20 microscope operated at
200 kV. Measurements of particle radius and length were made
by imaging along the h11 20i or h10 10i matrix zone axis. At least
100 particles were measured for each ageing condition. The meanaspect ratio was determined by dividing individual rod lengths by
their diameter and ﬁnding the average for all ageing times.3. The model
The goal of the model developed in this work is to provide a
complete prediction of the strengthening contributions in ZK alloys
and hence predict the potential for strengthening in this system
with optimised chemistry and processing. This involves also devel-
oping a model for the formation of the b01-MgZn age hardening
precipitates, accounting for the Zn removed into insoluble Zn–Zr
particles. The models for the individual contributions to strength
are described below.3.1. Grain size strengthening
To calculate the contribution of grain boundaries to strengthen-
ing it is ﬁrst necessary to determine the grain size. In the as-cast
condition, there will be a relationship between the grain size and
level of Zr addition. In this case, an estimate of the grain size can
be made as a function of composition as described below. In
wrought products, the as-cast grain structure will usually be
destroyed by recrystallisation and grain growth processes. In this
case, a simple prediction of grain size is not possible, and this
becomes another input to the model derived from measurements.
Hildebrand et al. [3] have measured the grain size and the
limiting amount of zirconium in solution in a range of alloys with
different zinc levels. These data can be used to derive a simple
empirical curve ﬁt to estimate the grain size in Mg–Zn–Zr alloys
for a given zirconium concentration. The data of Hildebrand et al.
are replotted in this way in Fig. 1. A simple empirical (quadratic)
ﬁt to this data was used in the present work (as shown in Fig. 1).
Note that the plot is scaled to highlight the composition ranges
of most interest to this study; the curve ﬁt was produced with
additional data at lower zirconium concentrations.
As Fig. 1 shows, the grain size decreases with increasing soluble
Zr concentration, and the soluble Zr concentration scales approxi-
mately linearly with the level of Zn addition up to around 4 wt.%.
Above this Zn level, the soluble Zr decreases due to intermetallic
Zn–Zr particle formation in the liquid metal [3] (not shown in
the plot but accounted for in the model). The interaction of
processing, composition, and grain reﬁnement is highly complex,
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also depends on the size of the Zr particles [12]. There is not yet a
complete model for grain reﬁnement in magnesium that can
account for all of these factors. Although more sophisticated mod-
els do exist than the purely empirical approach used here [12],
these models require calibration against experimental data and
would not therefore add extra predictive capability. Therefore,
for the purposes of the present work, the simple empirical
approach adopted here was sufﬁcient to explore the interaction
of Zn and Zr with regard to grain reﬁnement.
Note that the grain reﬁnement effect associated with Zr satu-
rates at an addition of approximately 0.6 wt.% Zr, and further Zr
additions do not provide any additional grain reﬁnement [13]; this
is accounted for in the model by applying a limit to the minimum
grain size at Zr levels greater than 0.6 wt.%.
Once the grain size is known, the strength contribution from
grain boundaries can be calculated using the Hall Petch method:
rgs ¼ kd
1
2 ð1Þ
where d is the grain size and k is the Hall Petch constant. Note, the
intrinsic strength appears later, so is not included in this equation.
For quenched Mg–Zn alloys, the value of k has been determined by
Chun et al. [14] and is reported in Table 1.
3.2. Interaction between zinc and zirconium
Only the Zn available in solution in the magnesium matrix can
contribute to precipitation during age hardening heat treatment.
As will be shown later, even in the solution treated condition,
the Zr present in ZK alloys will remove some of the Zn from the
matrix into insoluble equilibrium Zn–Zr particles. A number of
such phases are possible, including ZnZr and Zn2Zr [3]. The more
Zr present in the alloy, the greater the fraction of such phases,
and thus the lower the effective Zn remaining in the matrix for age-
ing. A further complication arises because in the as-cast condition,
the Zr is not uniformly distributed, but is instead concentrated
towards the centre of the dendrites due to partitioning of Zr during
solidiﬁcation. Zr is a very slow diffuser in Mg, and so even after
homogenisation it will remain non-uniform in its distribution,
leading to the well documented Zr rich clouds seen towards the
dendrite centres [15].
In the present work, a Scheil Gulliver solidiﬁcation model
implemented in the thermodynamic calculation software Pandat
with the MGDATA database (version 8) was used to calculate the
distribution of the alloying elements across a dendrite afterTable 1
Constants and ﬁtted parameters used by the precipitation and strengthening models.
Symbol Parameter Value Source
c Interfacial energy for nuclei 0.02 Jm-2 Fitted
N Nucleation site density
(relative)
109 Fitted
D0 Pre-factor for Zn diffusion 1:05 1014 m2 s-1 [26]
QL Activation energy for Zn
diffusion
125.8 kJ mol-1 [26]
l=t Length to diameter aspect ratio 10 This
work
r0 Intrinsic lattice strength 11 MPa [7]
k Hall–Petch constant 0.35 MPa m12 [14]
C Solid solution constant 33 MPa [20]
Eb Precipitate stiffness 36 GPa [27]
G Matrix shear modulus 17.2 GPa [7]
m Matrix poisson ratio 0.35 [7]
b Burgers vector length 0.32 nm [7]
M Taylor factor (as cast) 4.5 [19]
M Taylor factor (extruded) 2.1 [19]casting. Pandat was then used to calculate the amount of Zn that
would be removed considering the local Zr level (at the homogeni-
sation temperature) due to formation of Zn–Zr particles, which as
shown later were of composition Zn2Zr. Zinc lost to both primary
Zr particles (predicted to be present when sufﬁcient Zr was added)
and Zn2Zr particles that precipitate during homogenisation were
both accounted for. The effective Zn thus calculated (i.e. the free
Zn remaining in solution) was used as an input to the precipitation
strengthening model.
3.3. Precipitation strengthening
Precipitation strengthening in Mg–Zn alloys occurs through the
formation of b01-MgZn, which form mainly as rod shaped particles
aligned parallel to the c-axis of the magnesium unit cell. To predict
the precipitation of these particles, a classical kinetic model was
used, based on the Kampmann and Wagner numerical (KWN)
method [16]. Details of this model applied to continuous precipita-
tion in AZ91 are given elsewhere [17]. In the present work, this
model was modiﬁed to consider the different diffusing species con-
trolling precipitation (Zn) and particle shape. It was assumed that
all precipitates form as c-axis rods [18] that grow with a ﬁxed
aspect ratio. The remaining unknown parameters in the model
are the effective interfacial energy and nucleation site density fac-
tor. Although these parameters have a physical interpretation, here
they can be treated as empirical ﬁtting factors; interfacial energy
determines the temperature sensitivity of the model whilst the site
density scales the nucleation at all temperatures. The ﬁtting
parameters were determined by tuning the model to experimental
data, as discussed later. The full set of internal parameters used in
the model is shown in Table 1. Inputs to the model are the ageing
time and temperature and the effective zinc concentration.
The kinetic model provides a prediction of particle number den-
sity and size for a given ageing treatment. These particles will pro-
vide strengthening, and the contribution they make to strength is
calculated using an Orowan based hardening law. This assumes
that the particles are bowed rather than cut by dislocations; this
assumption has previously been demonstrated to be reasonable
for the precipitates in Mg–Zn alloys, at least in the peak aged
and overaged conditions [5].
The Orowan model was adapted from a strengthening model
developed for AZ91 by Hutchinson et al. [7]. The difference in ZK
alloys is in the aspect ratio of the particles, but the methodology
and equations used to calculate the spacing between precipitates
are identical to those of basal plates (as formed in AZ91) [7], since
c-axis rods and basal plates are both cylinders of the same orienta-
tion (but different aspect ratio). Following Hutchinson et al., it is
assumed that basal slip controls yield, so that only strengthening
against basal dislocation motion is calculated [7]. This will be
reasonable in the case of a randomly textured casting or weakly
textured wrought alloy, but may not be true in strongly textured
alloy (e.g. extrusion) loaded in an orientation in which the resolved
shear stress for basal slip is very low [9]. In the present model, the
effect of texture effects on the hardness evolution is accounted for
by using an appropriate texture dependent value of the Taylor
Factor to relate single crystal to polycrystalline behaviour, follow-
ing Caceres et al. [19]. The Orowan equation gives the strength
contribution due to bowing of precipitates as:
rOrowan ¼ MGb
2p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 m
p 1
k
ln
dA
r0
 
ð2Þ
where M is the Taylor factor, G is the shear modulus, b is the
Burgers vector of the dislocation; m Poissons ratio; k the inter parti-
cle spacing, and dA and r0 are respectively, the mean spacing and
mean diameter of particles in the slip plane; r0 is the inner cut-off
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inter-particle spacing accounts for the preferred precipitate orienta-
tion and particle shape, as described in detail elsewhere [7,18].
A key assumption of the Hutchinson et al. model (in common
with most Orowan strengthening models) is that the particles are
homogeneously distributed in space, so that a knowledge of the
average number density, size, and shape of the particles is sufﬁ-
cient to determine the inter particle spacing. However, it has been
known that precipitation in the Mg–Zn system is heterogenous,
and as will be demonstrated later this heterogeneity is exacerbated
by the addition of zirconium. It has previously been shown that
true effective inter particle spacings in the Mg–Zn system can be
around 15% greater than that calculated assuming a homogeneous
particle distribution [5]. The homogeneous particle approximation,
which is necessary to make the modelling problem tractable,
therefore limits the accuracy of the model. However, the aim of
the present work is not to provide a highly accurate prediction of
absolute strengthening, but rather to explore the relative effect
on strengthening of different alloy design strategies.
In addition to the Orowan strength due to precipitates there is a
contribution from the backstress caused by the strain incompati-
bility between unsheared precipitates embedded in a sheared
matrix. As shown later, this makes a minor contribution to the
strengthening in the present case since only very low strains are
considered, but is accounted for following the same approximate
method used by Hutchinson et al. [7].
rbs ¼ EbVbf  ð3Þ
where Eb is Young’s modulus of the precipitate, Vf is the volume
fraction of precipitate, and  is the applied plastic strain.
The KWN precipitation model also gives the mean level of Zn
remaining in solution as an output, and this can be used to
calculate the solid solution strengthening contribution due to this
element. Solid solution strengthening of Mg by Zn has been the
subject of numerous studies since it was identiﬁed in early work
as an element that can provide strong solute strengthening against
basal slip but can soften prismatic slip [20,21]. This is useful since
it can potentially reduce the plastic anisotropy inherent in Mg
crystals and improve ductility [22]. Solid solution hardening of
Mg by Zn is discussed in detail in work by Cáceres and Blake
[22,23]. For the purpose of the present work, where it assumed that
basal slip controls yield, it is sufﬁcient to note that the solute
hardening due to Zn can be well ﬁtted to a power law relation of
the form:
rss ¼ CX
2
3
Zn ð4Þ(b(a)
200um
ED
Fig. 2. (a) Optical micrograph showing the grain structure of ZK60 in the solution trewhere XZn is the atomic fraction of Zn in solution, and C is a constant
(Table 1).
3.4. Overal strengthening
To calculate the total strength after ageing, the contribution of
all strengthening mechanisms must be considered. Following
Hutchinson et al. [7], the total strength is expressed as a linear
summation of all the strength contributions, with a more sophisti-
cated superposition model not justiﬁed given the approximations
used to calculate the individual contributions:
rtotal ¼ r0 þ rgs þ rss þ rbs þ rOrowan ð5Þ
where r0 is the intrinsic lattice resistance (taken as 11 MPa [7]) and
the other terms are as deﬁned previously.
As discussed, the contribution of Hall–Petch strengthening will
depend on the grain size, which in turn will depend on the level of
Zr addition. The amount of free Zn available for solid solution and
precipitation strengthening also depends on the Zr concentration.
Solid solution strengthening and precipitation strengthening
clearly vary in the opposite sense as ageing proceeds; as solute is
lost from the matrix into precipitates during ageing, the solid solu-
tion contribution decreases but the contribution from precipitation
strengthening increases.
4. Results and discussion
4.1. Microstructural observation
The grain structure of the ZK60 extrusion in the solution treated
condition is shown in Fig. 2(a). Such a heterogeneous grain struc-
ture is typical of large section commercial magnesium extrusions.
The average grain size was measured as 35 5 lm.
The measured evolution of hardness after ageing of ZK60 at 150
and 200 C is shown in Fig. 2(b). It can be seen that the hardening
response after ageing at 150 C is greater than that at 200 C, but in
both cases the increase in hardness is modest. For example, even
after ageing to the peak (T6) condition at 150 C, the hardness is
increased by only 40% over that in the solution treated condition.
Contrast this with a high strength aluminium alloy (e.g. AA7050)
where the hardness is increased by approximately 500% with a
T6 heat treatment [24].
For reasons discussed later, the remainder of the study focussed
on material aged at 200 C. Example micrographs after ageing for
10 h at this temperature (peak strength condition) are shown in
Fig. 3. The low magniﬁcation image (Fig. 3(a)) shows the presence102 103 104 105 106 107
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Fig. 3. Transmission electron microscopy of ZK60 aged at 200 C for 10 h. (a) Low magniﬁcation image showing clusters of Zn2Zr particles (example arrowed). (b) High
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contain Zn and Zr; an example of one such particle is highlighted
with an arrow. An enlarged image of such a particle, and an EDX
composition map conﬁrming the presence of Zr and Zn, are shown
in Fig. 3(b)–(d) respectively. Quantitative EDX analysis revealed a
Zn:Zr ratio close to 2:1 for these particles, this is consistent with
the expected Zn2Zr phase from thermodynamic calculations and
previous observations of such particles in Mg–Zn–Zr alloys [3].
It can be seen in Fig. 3(a) that these particles are very heteroge-
neously distributed. This is to be expected, since they form in the
highly segregated as-cast microstructure, as discussed in detail in
the next section. Bands of ﬁner needle shaped particles can also
be seen in the microstructure, these were conﬁrmed by diffraction
analysis as b01-MgZn, and no Zr was detected in them. Note that
where there is a dense cloud of Zn2Zr (in the upper left of
Fig. 3(a)), no b01-MgZn is observed. This is presumably due to the
local depletion of matrix Zn in these regions into Zn2Zr prior to
ageing, although accurate quantiﬁcation of the matrix chemistry
was not possible with EDX due to the inﬂuence of the particles.
Fig. 3(b) shows a higher magniﬁcation image where the two
types of particle are highlighted (i) Zn2Zr and (ii) b
0
1-MgZn. Again,
it can be seen that there is a region around the Zn2Zr particle where
no b01-MgZn is observed. The Zn2Zr particles themselves are too
large and widely spaced to make a signiﬁcant direct contribution
to strengthening. Although it was not accurately quantiﬁed, the
TEM observations show these particles are typically in the range
100–200 nm in diameter with inter-particle spacings between
100 nm and 1 lm (the large variation being due to the heterogene-
ity in the spatial distribution of these particles). These particles will
not make a large direct contribution to the strength of the alloy
since their spacing is an order of magnitude greater than that of
the age hardening b01-MgZn rods.
The TEM observations support the hypothesis that the interac-
tion of Zr and Zn in commercial ZK60 leads to a reduced precipita-
tion of strengthening b01-MgZn. They show that in practice, this is a
highly heterogeneous phenomena, with local variations in Zr lead-
ing to local differences in the fraction of Zn2Zr and hence depletion
of Zn from the matrix.
4.2. Thermodynamic calculations
A calculated isopleth section through the ternary Mg–Zn–Zr
diagram at 0.6 wt.% Zr (a typical level used in commercial ZK60)
is shown in Fig. 4(a). The isopleth section shows the effect of add-
ing Zr on the solubility of Zn and on the ability to fully solutionise
the alloy. It can be seen that for any Zn concentration is greaterthan 0.5 wt.%, there is no temperature where it is possible to fully
solutionise all of the Zn into the HCP Mg matrix when 0.6 wt.% Zr is
also present. For the Zn concentration used in ZK60 (6 wt.%), it can
be seen that Zn2Zr is predicted to be the stable phase at the
homogenisation temperature.
Although such equilibrium calculations are useful, in practice
the distribution of Zr is highly non-uniform due to segregation dur-
ing casting. The predicted distribution of Zr across a dendrite in the
Mg matrix after casting is shown in Fig. 4(b) for the case of ZK60
(0.6 wt.% Zr). This can be used to calculate the local Zn that will
be removed by precipitation of Zn2Zr, which will occur directly
from the as-cast structure. Note that precipitation will of Zn2Zr will
only occur when the local zirconium concentration is sufﬁcient to
exceed the solubility limit, as indicated in Fig. 4(b). The locally
depleted Zn is assumed to redistribute uniformly across the den-
drite due to diffusion at the solution treatment temperature, and
thus the local depletion can be used to calculate an average global
depletion (marked on Fig. 4(b)). Finally, the Zn lost by transforma-
tion of primary Zr into Zn2Zr must also be accounted for; this
makes a relatively small contribution to the overall Zn depletion
for the (typical) Zr level used in this calculation (0.6 wt.%) as shown
in Fig. 4(b).
It can be seen that for ZK60 and the conditions used in the pre-
sent study, there is a depletion of Zn of 0.39 at.% due to precipita-
tion into Zn2Zr; this corresponds to approximately 17% of the Zn
added to the alloy being locked up in coarse non-strengthening
Zn2Zr particles. As shown later, this has a signiﬁcant effect on the
potential age hardening response of the alloy.
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To validate the model it was ﬁrst applied to the simpler case of
predicting precipitation and strengthening in binary Mg–Zn alloys
before considering the extra complexity associated with the addi-
tion of Zr. The model requires a large number of input parameters,
as shown in Table 1, each of which can inﬂuence the accuracy of
the predictions. Most of these parameters can be extracted from
the literature, but there are two critical model inputs that must
be found by ﬁtting. These inputs are the effective interfacial energy
of the precipitates and effective nucleation site density. As dis-
cussed elsewhere, a unique set of these parameters can be found
by matching the KWN kinetic model predictions to experimental
data from several temperatures [17]. Two datasets from the litera-
ture that contain detailed information about the size, spacing, and
volume fraction of precipitates and their effects on hardness evolu-
tion were used to test the model [9,8]. These two datasets corre-
spond to alloys with two different compositions aged at two
different temperatures (150 and 200 C). The effective interfacial
energy and effective nucleation site density parameters were
tuned so that a single parameter set gave the best overall ﬁt to
these data. This optimised parameter set was then used for all fur-
ther calculations.
Fig. 5 shows the best ﬁt obtained between model predictions
and the reported measurements for a Mg-6 wt.% (2.3 at.%) Zn stud-
ied by Jain et al. [9] after ageing at 200C. It can be seen that the
model predictions are in reasonable agreement with the measure-
ments. In particular, the inter particle spacing, which is the most
critical parameter in calculating the strengthening due to the par-
ticles, is accurately predicted. The volume fractions measured by
Jain et al. are lower than what would be expected; for example
the terminal volume fraction they measured (0.018) is consider-
ably less than the equilibrium volume fraction (0.22), which would
be expected to be reached at long ageing times. Jain et al. used TEMto determine their parameters, and the measured volume fraction
with this method is susceptible to error [8]. It is suggested that the
volume fraction measured by Jain et al. is a slight underestimate of
the true fraction, and when this is considered the model predicted
fraction is in very good agreement with the measurement. The
hardness evolution is also well captured, especially considering
the approximations necessary in the model. The peak hardness is
slightly over-estimated, at least one major contributing factor to
this is the assumption in the model that the precipitates are uni-
formly distributed in space, which is not the case in practice as pre-
viously discussed.
Fig. 6 shows the ﬁt obtained with the same parameters for a Mg-
3.4 at.% Zn alloy studied by Rosalie and Pauw [8] after ageing at
150 C. The data from Rosalie and Pauw were determined using
Small Angle X-ray Scattering (SAXS) rather than TEM. Both tech-
niques have their advantages and disadvantages, and will give
somewhat different results. In this case, the model ﬁt is less good.
However, given the approximations inherent in the model and
uncertainties in the input parameters, the agreement is considered
to be reasonable. In particular, the volume fraction is always within
0.01, the particle radius is within 2 nm, and the hardness is within
20 HVN of thatmeasured. The overestimate of hardness at this tem-
perature is likely to be due to the assumption in the model of a spa-
tially uniform precipitate distribution as at 200 C, but it also seems
likely that at this temperature, where particles are smaller, Orowan
looping may not be the only dislocation bypass mechanism. It is
more likely that at this ageing temperature, a signiﬁcant fraction
of the rods will be below the critical size for cutting by dislocations.
This mechanism is not considered in the model, so that when a sig-
niﬁcant fraction of the particles are cut, their contribution to
strength and hardness will be over estimated. Since this remains
a topic of uncertainty, all subsequent calculations are performed
for ageing temperatures of 200 C, where experiments have proved
that bowing is the dominant bypass mechanism [9].
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Fig. 6. Model predictions of (a) precipitate volume fraction (b) average precipitate radius and (c) overall hardness evolution compared with experimental data from Rosalie
and Pauw [8], Mg-3.4 at.% Zn, aged at 150 C.
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Having validated the model for the simpler case of binary Mg–
Zn alloys, it was then applied to the more complex commercial
Mg–Zn–Zr case. Fig. 7 shows the predictions of the model (particle
length and hardness) compared with the measurements made in
the present work for ZK60. As explained in the section describing
the model, in these calculations the effect of zirconium in remov-
ing some of the zinc into insoluble Zn–Zr precipitates is accounted
for. It can be seen that the model captures the measurements rea-
sonably and within the error limits of the experimental data with-
out any further recalibration. The large errors bars (standard
deviation) on the experimental data points reﬂect the large scatter
in particle sizes measured due to the heterogeneous nature of the
microstructure as previously demonstrated.
The model can be interrogated further to plot separately the
predicted contributions to the overall strength (for the case where100 102
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Fig. 7. Model predictions of (a) precipitate radius and (b) overall hardness evolutionthe as-cast grain size is preserved). Fig. 8 shows the predicted con-
tributions to strengthening for Z6 and ZK60 (i.e. without and with
0.6 wt.% zirconium respectively) during ageing at 200 C. The grain
size and Orowan contributions to the strength are clearly the dom-
inant factors. Without zirconium, the grain size is larger due to the
lack of grain reﬁnement so the grain size contribution to strength is
less. However, it is predicted that this is more than compensated
for by the increased Orowan hardening due to the lack of Zn loss
into Zn2Zr. It is noteworthy that in the binary Z6 alloy, it is pre-
dicted that at peak strength the Orowan contribution from parti-
cles is more than twice that of the grain size strengthening,
whereas in ZK60 it is only 1.25 times greater. This emphasises
the importance of Hall Petch strengthening to the total strength
of age hardenable magnesium alloys [6]. This is in contrast to high
strength aluminium alloys (e.g. AA7050) where the combined
effect of Hall Petch and solid solution strengthening is only 20%
of the strength that can be achieved in the peak aged condition100 102
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therefore particularly critical to obtaining good strength levels in
magnesium.4.5. Effect of zirconium
The model was then used to explore the effect of varying zirco-
nium concentration on the precipitation and strengthening in ZK
magnesium alloys. Zirconium was varied between 0 and 0.8 wt.%.
Commercially, Zr is typically added at the level of around
0.6 wt.%, since it has been shown that further additions do not lead
to further grain reﬁnement [1].
Fig. 9(a) shows the calculated volume fraction of strengthening
precipitates (b01-MgZn) and inter particle spacing in the peak aged
(maximum strength) condition after ageing at 200 C. As the Zr
concentration increases, the volume fraction of age hardening pre-
cipitates decreases and the spacing between precipitates increases
due to Zn lost to Zn2Zr, as already discussed.0
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mechanisms to the overall strength. As expected, the Orowan con-
tribution due to strengthening precipitates decreases as Zr concen-
tration is increased. However, most of this loss is compensated for
by the grain reﬁnement associated with the Zr addition, up to a Zr
level of 0.6 wt.%. Above this limit, any additional zirconium added
does not have a beneﬁcial effect in increasing grain boundary
strengthening but does still have a detrimental effect in reducing
the age hardening potential due to zinc removal. Therefore, a rapid
drop in overall strength is predicted.
This analysis applies when material is used without
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next section.
4.6. Potential strength in wrought products
It has been demonstrated that Zr additions have a detrimental
effect on the age hardening response of Mg–Zn alloys. If a ﬁne grain
size could be achieved without the use of Zr, then there would be
an advantage in age hardening potential. In wrought products,
grain reﬁnement can be achieved by TMP to induce recrystallisa-
tion under controlled conditions of temperature, strain rate, and
strain. The ﬁne grain structure obtained can be stabilised by suit-
able pinning particles (dispersoids); the use of Mn additions in this
role in Mg has been explored previously [25].
The model was applied to consider the case where a grain size
of 10lmwas achieved by TMP, with and without Zr. This grain size
is readily attained by conventional hot rolling or extrusion of mag-
nesium alloys, exploiting the tendency of the material to undergo
dynamic recrystallisation (DRX). Fig. 10 shows the precipitate vol-
ume fraction and spacing predicted with and without Zr additions(0 wt.% Zr and 0.6 wt.% Zr) for a ﬁxed grain size of 10 lm. As
discussed previously, eliminating Zr results in a larger b01-MgZn
volume fraction and smaller interparticle spacing. This translates
to a increase in predicted maximum hardness from 62 to 71 VHN
(a 15% increase); the same percentage increase in strength is pre-
dicted. There is thus a signiﬁcant incentive to eliminate Zr to
improve hardness and strength, providing the same ﬁne grained
structure can be obtained by an alternative route (e.g. TMP and
recrystallisation control).
4.7. Effect of promoting nucleation
One reason for the relatively poor age hardening response of
magnesium alloys compared to aluminium alloys is the relatively
large precipitate size and spacing that is typically attained after
ageing of magnesium alloys. To address this issue, a number of
attempts have been made to promote precipitate nucleation in
magnesium, and thus produce a ﬁner and more closely spaced par-
ticle dispersion. Attempts to achieve this in Mg–Zn magnesium
alloys have included pre deforming the material [4,5], or adding
J.D. Robson, C. Paa-Rai / Acta Materialia 95 (2015) 10–19 19a dopant to decrease the energy barrier to nucleation, such as Ca
[6].
It has been shown that even though precipitation in Mg–Zn
does occur heterogeneously on dislocations, pre-deformation does
not lead to a signiﬁcant enhancement of ageing response when slip
controls yield [5]. The reason is that even at relatively low ageing
temperatures (e.g. 150 C) recovery processes are rapid and the
deformation introduced defects are annealed out at a shorter time
than the incubation time for nucleation [5].
Micro-alloying to reduce the energy barrier to nucleation
(for example, by reducing the interfacial energy of the nuclei)
and thus enhance the nucleation rate appears a more promising
approach to improve age hardening response. Microalloying for
this purpose is widely used in aluminium alloys. The potential to
ﬁnd suitable micro-alloying additions to achieve this goal in
magnesium is discussed in detail elsewhere [6].
The model developed here was applied to predict what effect a
reduction in interfacial energy would have on precipitation and
strengthening in the Mg–Zn system. The predictions for a reduc-
tion in interfacial energy of 10% are shown in Fig. 11. The reduced
interfacial energy clearly leads to faster kinetics due mainly to an
increase in nucleation rate. This, in turn, leads to a smaller
predicted inter-particle spacing (Fig. 11(a)). The effect of this on
the predicted hardness evolution is to produce a 15% increase in
predicted peak hardness along with a reduced ageing time
required to reach this hardness. These predictions show the poten-
tial beneﬁts that may be achieved by even a modest reduction in
interfacial energy produced (for example) by micro-alloying.
5. Conclusions
In the present work, a newmodel has been developed to predict
precipitation and strengthening in Mg–Zn–Zr (ZK) alloys. The
model has been applied to understand the age hardening response
of ZK alloys and explore the interaction between Zn and Zr. The
following conclusions can be drawn from this work
1. In common with other age hardenable magnesium alloys, the
age hardening response of Mg–Zn–Zr alloys is poor compared
with equivalent aluminium alloys. It is predicted that in ZK60,
the most widely used commercial Mg–Zn–Zr alloy, age harden-
ing only provides an addition to strength similar to that
provided by the sum of grain size and solution strengthening.
In high strength aluminium alloys, age hardening typically pro-
vides over 5 times the strengthening of other mechanisms.
2. In addition to the effect of precipitate orientation and limited
nucleation, which have been considered by previous research-
ers, it is shown in the present work that the presence of Zr in
Mg–Zn–Zr alloys reduces the age hardening response due to
the formation of stable Zn2Zr intermetallics. These particles
remove some of the free Zn from solution. This effect is pre-
dicted to lead to a strength reduction in ZK60 of around 15%
at an ageing temperature of 200 C.
3. The beneﬁts from increased grain size strengthening due to
grain reﬁnement by Zr additions are predicted to be balanced
by the reduced age hardening response due to the loss of Zn
from solution. In wrought products, where the ﬁnal grain size
is controlled by recrystallisation during thermomechanial pro-
cessing (TMP) and is different from the as-cast grain size, there
is thus potential beneﬁt to be obtained by eliminating Zr and
controlling grain size through TMP.
4. The poor age hardening response of ZK60 alloys could be
improved by addition of micro alloying elements that promote
nucleation of additional particles. It is predicted that even ifsuch an element has only a modest (e.g. 10%) reduction on
the interfacial energy of the precipitates, a signiﬁcant (15%)
increase in strength would be expected.
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